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It has previously been shown that the E7 protein from the cutaneous human papillomavirus type 1 (HPV1),
which is associated with benign skin lesions, binds the product of the tumor suppressor gene retinoblastoma
(pRb) with an efficiency similar to that of the E7 protein from the oncogenic HPV type 16. Despite this ability,
HPV1 E7 does not display any activity in transforming primary cells. In addition, the two viral proteins differ
in their mechanisms of targeting pRb. HPV16 E7 promotes pRb destabilization, while cells expressing HPV1
E7 do not show any decrease in pRb levels. In this study, we show that HPV1 E7, in contrast to HPV16 E7, has
only a weak activity to neutralize the effect of cyclin-dependent kinase inhibitor p16INK4a. By generation of
HPV1/16 E7 chimeric proteins, we have identified a central motif in the two E7 proteins, which determines their
different abilities to overcome the p16INK4a-mediated cell cycle arrest. This motif is located downstream of the
pRb-binding domain and comprises only three amino acids in HPV16 E7. Swapping this central motif in the
two viral proteins causes an exchange of their activities involved in circumventing the inhibitory function of
p16INK4a. Most importantly, our data show that the efficiency of the E7 proteins in neutralizing the inhibitory
effect of p16INK4a correlates with their ability to promote pRb degradation.

Human papillomaviruses (HPVs) belong to a large family
that comprises over 100 different genotypes (7). Based on their
tissue tropism, HPVs are divided into two subgroups, cutane-
ous and mucosal genotypes, which infect the skin or the mu-
cosae of the nasopharyngeal area, oral cavity, and genital
tracts, respectively. All HPV types induce benign proliferative
lesions. In addition, certain mucosal HPV types (e.g., HPV
type 16 [HPV16]) have the ability to induce transformation of
the benign lesion into invasive cancer (28). Thus, the mucosal
HPVs are further subdivided into benign and malignant types
(also termed “low risk” and “high risk”), according to the
nature of the lesion induced. Several independent studies of
the high-risk HPV types have demonstrated that the products
of two early genes, E6 and E7, are the main transforming
proteins of the virus and are directly involved in inducing
benign proliferation and malignant transformation of the host
cells (for a review, see reference 28). E7 from the mucosal
high-risk HPV type 16, in cooperation with an activated cellu-
lar oncogene (e.g., ras), has the ability to induce full transfor-
mation of rodent and human primary cells, which are tumor-
igenic when injected into mice (15). In addition, HPV16 E7
together with E6 can efficiently immortalize human primary
keratinocytes, the natural host of HPV (15). This is in part
explained by the ability of HPV16 E7 to interact with and
neutralize the functions of the so-called “pocket proteins,”

pRb, p107, and p130 (6, 8, 9, 23). The pocket proteins have a
central role in controlling the cell cycle. They negatively reg-
ulate, via direct association, the activity of several transcription
factors, including members of the E2F family (reviewed in
reference 12). In quiescent cells, pRb is hypophosphorylated
and associates with E2F. When quiescent cells are exposed to
mitogenic signals, the transcription of the genes encoding G1-
specific D-type cyclins (D1, D2, and D3) is initiated. Subse-
quently, D-cyclins associate with and activate the cyclin-depen-
dent kinases 4 and 6 (CDK4 and CDK6, respectively), which in
turn phosphorylate pRb in mid-G1 phase, causing release of
E2F (22). Ultimately, the free and active E2F promotes the
transcription of a group of genes that encode proteins essential
for cell cycle progression. Since the activation of CDK4 and
CDK6 represents a key event for cell cycle entry, a number of
cellular mechanisms regulate the activity of these kinases. In
particular, members of a small protein family, p16INK4a,
p15INK4b, p18INK4c and p19INK4d, associate with CDK4 and
CDK6 and strongly inhibit their kinase activity (22). Ectopic
expression of p16INK4a leads to accumulation of hypophos-
phorylated pRb, sequestration of E2F, and consequent G1

arrest (13). The interaction of HPV16 E7 with pRb, analogous
to CDK-mediated phosphorylation, results in release of active
E2Fs and stimulation of S-phase entry, even in the absence of
active CDK4 and CDK6 complexes (25) and in the presence of
high levels of p16INK4a (14). Studies of the low-risk HPV types
6 and 11, which are rarely associated with malignant lesions,
have demonstrated that their E7s have reduced efficiency in
binding pRb and lack in vitro transforming activity (17, 24).
Thus, the potential oncogenicity of the different HPV types in
vivo appears to correlate with the in vitro properties of the
corresponding E7 protein. However, it has been shown that E7
from the cutaneous HPV1, which is normally associated with
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benign skin lesions, binds pRb with the same efficiency as E7
from the mucosal oncogenic HPV16 (5, 20). Despite this prop-
erty, HPV1 E7, in contrast to HPV16 E7, fails to induce trans-
formation of rodent or human primary cells in cooperation
with the cellular oncogene ras (5, 20). Thus, the E7 association
with pRb appears to be essential, but not sufficient, to induce
transformation of the host cells. Together these findings indi-
cate that HPV1 E7, in comparison with HPV16 E7, lacks
additional activities that are essential to promote cellular
transformation. Besides the ability to interact with pRb,
HPV16 E7 induces degradation of the cellular protein (4, 10)
via the proteasome pathway (4). Consistent with this property,
HPV16 E7 has been found associated with the S4 subunit of
the 26S proteasome (3). It has been shown recently that HPV1
E7 is not able to promote pRb degradation (1). Thus, the
different mechanisms of HPV1 and -16 E7 proteins for target-
ing pRb may account for their different in vitro transforming
activities and in vivo oncogenicities. However, a direct rela-
tionship between E7-induced pRb degradation and alteration
of cell cycle regulation has not been demonstrated.

Here we show that the efficiency of HPV1 and -16 E7 pro-
teins in circumventing the p16INK4a-mediated G1arrest is as-
sociated with their ability to degrade pRb. In addition, by using
HPV1 and -16 E7 chimeric proteins, we have identified the
domain that determines the different activities of the two viral
proteins in destabilizing pRb.

MATERIALS AND METHODS

Retroviral expression vectors. The retroviral vectors pBabe-puro and pBabe-
neo were previously described (16). The open reading frames of HPV1 and -16
E7 were cloned in frame with the hemagglutinin (HA) tag sequence at the 59 end.
The pBabe-puroP16INK4a construct was kindly provided by Bruno Amati
(DNAX Research Institute, Palo Alto, Calif.). The six chimeric HPV1/16 E7
genes and the HPV16 PP-E7 mutant were generated by overlapping PCR. The
DNA sequence of the PCR products was verified by the dideoxy chain-termina-
tion method. The six chimeric proteins were obtained by fusing the following
HPV1 and -16 E7 domains: HPV1 E7 conserved region 1 (CR1) amino acids 1
to 22, HPV1 E7 CR2 amino acids 23 to 32, HPV1 E7 CR3 amino acids 33 to 93,
HPV16 E7 CR1 amino acids 1 to 20, HPV16 E7 CR2 amino acids 21 to 29, and
HPV16 E7 CR3 amino acids 30 to 98. To avoid PCR artifacts due to the
repetitive DNA sequence in the 39 end of the E7 CR2s, the casein kinase II
(CKII) phosphorylation site, which is normally considered to be part of CR2, was
included in CR3.

Cell culture and retroviral infections. NIH 3T3, HaCat, and Bosc23 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% calf
serum (NIH 3T3) or fetal calf serum. High-titer retroviral supernatants (.5 3
106 IU/ml) were generated by transient transfection of Bosc23 cells and used to
infect NIH 3T3 cells as described previously (18). After infection, NIH 3T3 cells
were selected in 1 mg of G418 per ml for 7 to 8 days and in 2.0 mg of puromycin
per ml for 48 h.

Cell extract preparation. Total cellular extracts were prepared from NIH 3T3
cells (10-cm-diameter plate, 80% confluence) by lysing the cells in 1 ml of lysing
buffer (20 mM Tris-HCl [pH 8], 200 mM NaCl, 0.5% Nonidet P-40, 1 mM
EDTA, 10 mM NaF, 0.1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1 mg
of leupeptin per ml, 1 mg of aprotinin per ml) for 20 min at 4°C. After centrif-
ugation (12,000 3 g, 5 min) the supernatant was collected, and 100 mg of total
extract was precipitated in acetone (9:1 [vol/vol]) for 20 min at 220°C, centri-
fuged (12,000 3 g, 10 min), and resuspended in 20 ml of polyacrylamide gel
loading buffer.

Immunoblot analysis and antibodies. One hundred micrograms of total cell
extract was fractionated by electrophoresis on a polyacrylamide gel containing
0.1% sodium dodecyl sulfate (SDS). Proteins were transferred onto a Polyscreen
polyvinylidene difluoride (PVDF) membrane (NEN Life Sciences) in a Trans-
Blot semidry electrophoretic transfer cell (Bio-Rad) (130 mA, 1 h 30 min), and
the immunoblot analysis was performed as described in reference 1. The follow-
ing antibodies were used: anti-HA epitope (MMS-101R; Babco; dilution of

1:1,000); anti-pRb (14001A; Pharmingen; dilution of 1:1,000); anti-b-tubulin
(TUB2.1; Sigma; dilution of 1:1,000), and anti-p16INK4a (kindly provided by
Gordon Peters, Imperial Cancer Research Fund, London, United Kingdom;
dilution of 1:10).

Determination of the proliferative state of the different cell populations:
colony formation. As cells were split for selection with puromycin after p16INK4a

or pBabe-puro infection, they were diluted 20, 200, or 2,000 times and allowed to
grow for several days as described in reference 26. After this period, cells were
washed in phosphate-buffered saline (PBS), and colonies were fixed and stained
on the plates with crystal violet in 20% methanol. In order to determine the
colony size, the number of cells in 10 randomly selected colonies was counted.

Time course. As cells were split for selection, 100,000 cells were seeded in
60-mm-diameter plates and allowed to grow for 48 h. After this period of time,
the growth was monitored daily for 3 days by determination of the protein
concentration of each culture. Cells were lysed directly in lysis buffer, and the
protein content was determined by a bicinchonic acid-based method. Triplicate
determinations were performed in each independent experiment.

FACS analysis. Fluorescence-activated cell sorter (FACS) analysis was per-
formed as follows. After retroviral infection, cells were grown for 48 h, harvested
by trypsinization, washed with PBS, and fixed in 80% methanol at 220°C for 30
min. A total of 105 cells were washed in PBS and resuspended in 500 ml of PBS
containing RNase A (0.1 mg/ml). After incubation (30 min at 37°C), propidium
iodide was added (5 ml of a 50-mg/ml solution). Analysis by flow cytometry was
performed with a Becton Dickinson FACSort. Cell cycle profiles were deter-
mined by using the Modfit cell cycle analysis software package.

GST pull-down assay. Glutathione S-transferase (GST) fusion protein synthe-
sis in Escherichia coli BL 21 and protein purification were performed as de-
scribed in the Pharmacia handbook (Pharmacia, Uppsala, Sweden). HaCat pro-
tein extracts were prepared as described previously (1). Approximately 0.6 mg of
cell extract was incubated with GST-E7 proteins immobilized on glutathione
beads (1 mg). After 1 h at 4°C, the beads were washed five times in a buffer
containing 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 0.5% Nonidet P-40, 1 mM
EDTA, and 10 mM NaF. The beads were resuspended in SDS-polyacrylamide
gel electrophoresis sample buffer, and the eluted proteins were run on an SDS-
polyacrylamide gel.

RESULTS

In order to understand the biological significance of E7-
induced pRb degradation in deregulation of the G1 check-
point, we compared the abilities of HPV1 and -16 E7 proteins
to overcome the cell cycle block imposed by overexpression of
p16INK4a, an inhibitor of specific G1-phase CDKs. We ex-
pressed E7 proteins and p16INK4a genes by using retroviral
vectors containing the neomycin or puromycin resistance gene
(16), respectively, as illustrated in Fig. 1A. Briefly, NIH 3T3
cells were infected with recombinant retrovirus expressing the
HPV1 or -16 E7 gene. After neomycin selection, cells were
reinfected with recombinant retrovirus expressing the p16INK4a

gene and cultured in medium containing puromycin. Immuno-
blot analysis revealed that both proteins were expressed (Fig.
1B). To compare the level of expression of the viral proteins,
the HA tag was fused in frame at the N terminus of both E7s.
We have previously shown that the addition of an HA tag to
the E7 proteins from HPV1 and -16 does not alter their bio-
logical activity (1). Figure 1B shows that HPV1 E7 is expressed
at lower levels than HPV16 E7. Similar results were obtained
in independent experiments in which different batches of re-
combinant retroviruses were used (data not shown). As ex-
pected, expression of p16INK4a alone resulted in a strong
decrease in colony outgrowth (Fig. 2A, plate containing
pBabe-neo and pBabe-puro-p16INK4a). HPV16 E7 efficiently
overcomes the growth inhibition induced by p16INK4a, whereas
HPV1 E7 appears to have no effect on reversion of the
p16INK4a activity (Fig. 2A). However, we observed in several
experiments that plates of HPV 1E7/p16INK4a-expressing cells
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consistently had a slightly higher number of colonies than
plates of p16INK4a-expressing cells (data not shown). Indeed,
by counting the number of cells per colony, we determined that
HPV1 E7/p16INK4a-expressing cells form larger colonies than
cells expressing p16INK4a alone (Fig. 2B). This observation
suggests that HPV1 E7 has weak activity in sustaining prolif-
eration in the presence of p16INK4a. To further confirm our
initial results, we determined the proliferation states in all cell
populations by alternative methods. The cell growth of the
different cultures was monitored for the first 3 days after pu-
romycin selection. Again, we observed that cells expressing
HPV16 E7 and p16INK4a grow much faster than cells express-
ing p16INK4a alone, while HPV1 E7/p16INK4a cells have an

intermediate phenotype (Fig. 2C). In addition, flow cytometry
analysis revealed that the percentage of S-phase cells is lower
in HPV1 E7/p16INK4a cells than in HPV16 E7/p16INK4a cells
(Fig. 2D). Together these data show that HPV1 E7 has a much
weaker activity than HPV16 E7 in neutralizing the p16INK4a-
imposed cell cycle arrest.

The different abilities of the two E7 molecules to counteract
p16INK4a may be due to their different levels of expression or,
alternatively, to their intrinsic biological properties, e.g., induc-
tion of pRb degradation. To discriminate between the two
possibilities, we generated six chimeric E7 proteins, in which
the three CRs of the two E7s were fused in all possible com-
binations (Fig. 3A). First, we determined the ability of the
chimeric proteins to associate with pRb. For this purpose, the
E7s were expressed in E. coli as GST fusion proteins. After
purification, the bacterial recombinant proteins were immobi-
lized on glutathione-Sepharose beads and incubated with hu-
man keratinocyte protein extracts to determine their ability to
bind pRb. As shown in Fig. 3B, all chimeric E7 proteins asso-
ciate with pRb with the same efficiency as HPV16 E7. Next, we
determined the intracellular stability of the artificial E7 mole-
cules. The E7 proteins were fused at the N terminus with the
HA tag and expressed in NIH 3T3 cells by using the retroviral
system described above. After retroviral infections, cellular
extracts were prepared, and the intracellular levels of the E7
proteins were determined by immunoblot analysis. According
to their expression levels and electrophoretic mobility, the six
chimeric proteins can be divided into two different groups.
Figure 4A shows that 1-1-16, 1-16-1, and 1-16-16 E7 proteins
have features similar to those of HPV1 E7. In contrast, the
16-1-16, 16-1-1, and 16-16-1 E7 proteins behave like HPV16
E7. Since the common domain in the three proteins of each
group is the CR1 of HPV1 or -16 E7, we reason that the amino
acid sequence at the N terminus influences the intracellular
level and the electrophoretic mobility of the E7 proteins. The
fact that all HPV16 CR1-containing proteins have the same
mobility is consistent with the results of a previous study, which
showed that the aberrant electrophoretic mobility of HPV16
E7 protein is due to a stretch of negatively charged amino acids
located in CR1 (2).

We next characterized the activity of the chimeric proteins
to induce pRb degradation. Also in this case, the E7 proteins
can be divided into two groups: weak and strong inducers of
pRb degradation (Fig. 4B). Interestingly, the ability of the E7
proteins to promote pRb destabilization does not correlate
with their expression levels but with the presence in the chi-
meric proteins of the HPV16 E7 CR2. Cells expressing the
1-16-1, 1-16-16, and 16-16-1 E7 proteins have a low level of
pRb. In contrast, the remaining three E7 proteins, 1-1-16,
16-1-16, and 16-1-1, which contain the HPV1 E7 CR2, are less
efficient in inducing pRb destabilization (Fig. 4B). Similar re-
sults were obtained in independent experiments, in which dif-
ferent batches of recombinant retroviruses were used to infect
NIH 3T3 cells (data not shown). The central region of HPV16
E7 comprises two motifs, the pRb-binding domain (pRb-BD)
and the CKII phosphorylation site, which are separated by a
stretch of three amino acids (central motif) (Fig. 5). Compar-
ison of the HPV1 and -16 E7 amino acid sequences reveals that
both proteins contain an identical pRb-BD, but they differ in
the downstream amino acid sequence (Fig. 5). Although HPV1

FIG. 1. Expression of HPV1 E7, HPV16 E7, and p16INK4a in NIH
3T3 cells. (A) Schematic representation of the double retroviral infec-
tions. The different recombinant retroviruses were generated by tran-
sient transfection of the Bosc23 cells as described in Materials and
Methods. After the first infection with pBabe-neo (pBneo) retrovi-
ruses, NIH 3T3 cells were cultured in G418-containing medium for 6
to 8 days. The cells were then infected with pBabe-puro (pBpuro)
retroviruses and cultured in puromycin-selective medium for 2 days.
(B) Determination of E7s and p16INK4a expression levels by immuno-
blotting. One hundred micrograms of protein extracts of cells infected
with different recombinant retroviruses as indicated was applied to a
15% polyacrylamide–SDS gel, transferred onto PVDF membrane, and
incubated with an anti-HA tag (MMS-101R; Babco), p16INK4a (kindly
provided by Gordon Peters, Imperial Cancer Research Fund, London,
United Kingdom), or b-tubulin (TUB2.1; Sigma) antibody. b-Tubulin
signal was used as a loading control.
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E7 has a stretch of negatively charged amino acids, character-
istic of a CKII phosphorylation site, it lacks a serine or threo-
nine, which are the substrates of CKII. In addition, the central
motif in CR2 of HPV1 E7 comprises four amino acids, includ-
ing two prolines, which are not present in HPV16 E7 (Fig. 5).
In the chimeric proteins, the CKII phosphorylation site has
been included in CR3. The data shown in Fig. 4B indicate that
the presence of the CKII phosphorylation site does not influ-
ence E7’s ability to induce pRb destabilization. Indeed, the
1-1-16 E7 (CKII phosphorylation site positive; Fig. 3A) and the
16-16-1 E7 (CKII phosphorylation site negative; Fig. 3A) are,
respectively, weak and strong inducers of pRb degradation.
These data are consistent with previous published data, which
have shown that HPV16 E7 mutants lacking the CKII phos-
phorylation site retain most of the activity of the HPV16 E7
wild type to destabilize pRb (1, 11). Thus, it is likely that the
difference in the central motif located immediately after
pRb-BD (Fig. 5) is responsible for the different ability of the
two E7 proteins to induce pRb degradation. To evaluate this
possibility, we substituted the asparagine and aspartic acid at
positions 29 and 30 in HPV16 for the two prolines of HPV1 E7
(Fig. 5). Immunoblot analysis revealed that the mutant HPV16
PP-E7 is expressed in NIH 3T3 cells at levels similar to those
of wild-type HPV16 E7 (Fig. 6A). However, it is not able to
promote pRb degradation (Fig. 6B), despite the fact that it
binds the pocket protein with the same efficiency as the wild-
type HPV16 E7 in a GST pull-down assay (Fig. 6C). Together

these data demonstrate that the amino acid motif between the
pRb-BD and the CKII phosphorylation site (amino acids QLN
at positions 27 to 29 in HPV16 E7) has an essential role in
E7-mediated pRb destabilization.

Next, we determined whether the HPV16 E7 activity in
overcoming the p16INK4a-imposed G1 block is associated with
its pRb degradation activity. For this purpose, the p16INK4a

neutralization efficiencies of two inducers (HPV16 E7 wild
type and 1-16-1 E7) and two noninducers (HPV16 PP-E7 mu-
tant and 16-1-16 E7) of pRb degradation were directly com-
pared. Table 1 and Fig. 7A show that only the two inducers of
pRb degradation are able to efficiently neutralize the inhibitory
function of p16INK4a. To further confirm that 1-16-1 E7, which
contains the central motif of HPV16 E7 (QLN), is able to
overcome the p16INK4a-induced G1 arrest, we performed the
colony formation assay as described above. Figure 7B shows
that, also in this assay, HPV16 E7 and 1-16-1 E7 have similar
efficiencies in driving G1-arrested cells into the cell cycle. Thus,
the two events, pRb degradation and efficient circumvention of
p16INK4a cell cycle inhibition, are tightly linked.

DISCUSSION

E7 is one of the major transforming proteins of HPV (28).
The neutralization of pocket protein functions by E7 and con-
sequent activation of E2F-dependent transcription appear to
play a key role in cell cycle deregulation (25). Indeed, muta-

FIG. 2. HPV16 E7, but not HPV1 E7, efficiently neutralizes p16INK4a activity. (A) Colony formation assay. Double retroviral infections were
performed as illustrated in Fig. 1. After 6 to 8 days of culture in puromycin-containing medium, colonies were fixed in 20% methanol and stained
with crystal violet. (B) The size of colonies was determined by cell counting. The numbers in the figure are the means of 10 randomly selected
colonies. (C) Growth time course. The growth of all cell populations was monitored for 3 days as described in Materials and Methods. The growth
was assessed by determining the protein concentration at each point of the time course. The data represent the mean of three independent
experiments, each performed in triplicate. (D) Percentage of S-phase cells in populations infected with different recombinant retroviruses as
indicated. Double-infected cells were harvested after neomycin and puromycin selection. The cell cycle profile was analyzed by flow cytometry. The
data represent the mean of two independent experiments.
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tions in pRb-BD LXCXE (amino acids 22 to 26 in HPV16 E7)
lead to a loss of its ability to associate with pRb and to induce
cellular transformation (19). Furthermore, E7 proteins from
the low-risk HPV types weakly associate with pocket proteins
and do not display any in vitro transforming activity (17, 24).
However, studies of the cutaneous HPV1 E7 suggest that, in
addition to the E7-pRb interaction, other E7-mediated events
contribute to promote cellular transformation (5, 20). HPV1
E7 binds pRb with an affinity similar to that of HPV16 E7, but
it does not cooperate with ras to induce transformation of
rodent or human primary cells (5, 20). It has been shown that
HPV16 E7 has the additional property of inducing pRb deg-
radation (4, 10) via the proteasome pathway (4), while HPV1
E7 lacks this activity (1). In this study, we show that HPV1 E7
is less efficient than HPV16 E7 in overcoming G1 cell cycle
arrest imposed by overexpression of the CDK inhibitor
p16INK4a. We have generated HPV1/16 E7 chimeric proteins
and identified a domain in HPV16 E7 that is essential to
promote pRb degradation. This motif comprises three amino
acids (QLN) and is located immediately after pRb-BD (Fig. 5).
Exchanging these central motifs in HPV1 and -16 E7 results in
an inversion of their activity in inducing pRb degradation and
in efficiently overcoming the p16INK4a-mediated G1 block. The

most significant difference between the central motifs of the
two viral proteins is the presence of two proline residues in
HPV1 E7. Introduction of two prolines in the central motif of
HPV16 E7 CR2 results in a loss of ability to promote pRb
destabilization and to efficiently stimulate cell cycle progres-
sion. It is possible that the introduction of two amino acids with
a rigid structure, such as proline, into the HPV16 E7 protein
induces a conformational change, which results in loss of some

FIG. 3. Generation of HPV1 and -16 E7 chimeric proteins. (A)
Schematic representation of the HPV1/16 E7 chimeric proteins. The
gray and white boxes represent the domains of HPV1 and -16 E7,
respectively. The E7 proteins were fused at the N terminus with the
HA tag. In the generation of the chimeric proteins, the CKII phos-
porylation site was included in CR3. For more details, see Materials
and Methods. (B) HPV16 E7 and chimeric proteins have similar effi-
ciencies in binding pRb in a GST pull-down assay. One microgram of
the different GST-E7 proteins was immobilized on glutathione-Sepha-
rose beads and incubated with 0.6 mg of HaCat protein extract. After
1 h, the beads were extensively washed and directly resuspended in
SDS-sample buffer. The amount of pRb associated with the different
GST-E7 proteins was determined by immunoblot analysis with a spe-
cific anti-pRb antibody (14001A; Pharmingen). One-tenth of the total
cellular extract (60 mg) used in the GST pull-down assay (input) was
applied to a polyacrylamide-SDS gel.

FIG. 4. A central motif of HPV16 E7 CR2 located downstream of
pRb-BD is essential for pRb destabilization. (A) Expression levels of
the chimeric proteins. One hundred micrograms of protein extracts of
cells expressing the different E7 proteins as indicated was applied to a
15% polyacrylamide–SDS gel, transferred onto a PVDF membrane,
and incubated with an anti-HA tag (MMS-101R; Babco) or b-tubulin
(TUB2.1; Sigma) antibody. b-Tubulin signal was used as a loading
control. (B) pRb levels in cells expressing the different E7 proteins.
One hundred micrograms of protein extracts of cells expressing the
different E7 proteins as indicated was applied to an 8% polyacrylam-
ide–SDS gel, transferred onto a PVDF membrane, and incubated with
a pRb (14001A; Pharmingen) or b-tubulin (TUB2.1) antibody. b-Tu-
bulin signal was used as a loading control.

FIG. 5. Schematic representation of HPV1 and -16 E7 CR2. The
two amino acids (at positions 29 and 30) in the central motif of HPV16
CR2, which have been substituted for with two prolines, are boxed.
The positions of the pRb-BD and CKII phosphorylation site (phosph.)
are also indicated.
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of the viral protein properties without affecting its ability to
bind pRb. Since published data (1, 11) and the findings of this
study show that the integrity of the CKII phosphorylation site
is not required for efficient degradation of pRb, it is unlikely
that the substitution of the aspartic acid at position 30 in the
HPV16 E7 CKII phosphorylation site (Fig. 5) influences E7’s
ability to destabilize pRb.

It has previously been reported that HPV 16 E7 CR1 con-
tributes to promote pRb degradation (1, 11). In this study, we
show that the HPV1 E7 CR1 is functionally related to CR1 of
HPV16 E7. Indeed, all chimeric proteins containing HPV1 E7
CR1 fused to HPV16 CR2 are able to induce pRb degradation.

These data are consistent with the level of amino acid similar-
ity between the two CR1s, which is approximately 55%.

Berezutskaya and Bagchi have reported that HPV16 E7
associates with the subunit S4 of the 26S proteasome with
consequent stimulation of its ATPase activity (3). This inter-
action requires the integrity of the HPV16 E7 CR3 and is
independent of the pRb-BD. Based on these data, the authors
suggested that HPV16 E7 induces pRb degradation by target-
ing the pocket protein to the proteasomes. Thus, it would be
interesting to determine whether the efficiency of the E7 pro-
teins included in this study in inducing pRb degradation and
overcoming p16INK4a-mediated G1 arrest correlates with their
ability to associate with the S4 protein. Despite the fact that
CR3 is the least conserved domain in the E7 proteins from
different HPV types, HPV1 and -16 E7 have 44% identity in
the last 50 amino acids. Therefore, it is likely that HPV1 E7,
like HPV16 E7, is able to interact with the S4 protein, but the
QLN domain of HPV16 E7 is required to promote pRb deg-
radation.

The low activity of HPV1 E7 in neutralizing the p16INK4a

inhibitory function is consistent with previous published data,
which show that HPV1 E7 is not able to efficiently transform
primary rodent or human cells in cooperation with the acti-
vated ras oncogene (5, 20). It has been shown that overexpres-
sion of ras alone leads to an accumulation of p16INK4a and
consequent G1 cell cycle arrest (21). Thus, HPV16 E7, but not
HPV1 E7, cooperates with ras in the induction of cellular
transformation being able to efficiently neutralize p16INK4a

inhibitory function. Together these findings provide a possible
explanation for the nononcogenicity of HPV1 in vivo.

Our study demonstrates an association between the HPV16
E7-mediated events, pRb degradation, and abrogation of
p16INK4a-induced cell cycle arrest. However, it does not ad-
dress why pRb degradation is required for efficient stimulation
of the cell cycle. Two different explanations can be envisaged.
One possibility is that pRb degradation represents a more
efficient way to neutralize pRb function. In this model, E7,
after induction of pRb degradation, can be recycled to target a
new pRb molecule. Thus, HPV16 E7 can efficiently antagonize
pRb, even if present in the cell at a much lower level than the
pocket protein. Alternatively, the E7-mediated pRb degrada-
tion may be required in order to release other pRb-associated
factors, which are not displaced by E7 binding. For instance, it
has been reported that the c-Abl tyrosine kinase interacts with
the C-terminal domain of pRb. HPV16 E7 binding to the
pocket domain of pRb does not lead to a disruption of the
pRb–c-Abl complex (27). In this scenario, we could imagine

FIG. 6. Characterization of the properties of the HPV16 PP-E7
mutant. (A) HPV16 PP-E7 is expressed in NIH 3T3 cells at levels
similar to those of the HPV16 E7 wild type. One hundred micrograms
of protein extracts of cells infected with different recombinant retro-
viruses as indicated in the figure was applied to a 15% polyacrylamide–
SDS gel, transferred onto a PVDF membrane, and incubated with an
anti-HA tag (MMS-101R; Babco) or b-tubulin (TUB2.1; Sigma) anti-
body. b-Tubulin signal was used as a loading control. (B) HPV16
PP-E7 does not promote pRb degradation. One hundred micrograms
of protein extracts of cells infected with different recombinant retro-
viruses as indicated in the figure was applied to an 8% polyacrylamide–
SDS gel, transferred onto a PVDF membrane, and incubated with an
anti-pRb (14001A; Pharmingen) or anti-b-tubulin (TUB2.1) antibody.
b-Tubulin signal was used as a loading control. (C) HPV16 PP-E7 and
the HPV16 E7 wild type have similar efficiencies in binding pRb in a
GST pull-down assay. One microgram of the different GST/E7 pro-
teins was immobilized on glutathione-Sepharose beads and incubated
with 0.6 mg of HaCat protein extract. The GST pull-down assay was
performed as described in the legend to Fig. 3. One-tenth of the total
cellular extract (60 mg) used in the GST pull-down assay (input) was
applied to a polyacrylamide-SDS gel.

TABLE 1. Percentage of S-phase NIH 3T3 cells expressing
p16INK4a alone or in combination with E7 proteinsa

Expt

pBabe-puro p16INK4a

pBabe-
neo

HPV1
E7

HPV16
E7

HPV16
PP-E7

HPV16-1-16
E7

HPV1-16-1
E7

1 4.38 5.48 12.31 7.06 5.79 12.10
2 7.63 8.50 13.10 8.90 8.80 11.80
3 7.21 7.10 12.20 NDb ND 11.00

a For flow cytometry, the different cell populations were prepared as described
in the legend to Fig. 7.

b ND, not determined.
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that the cellular proteins released upon pRb degradation con-
tribute to efficient deregulation of G1 checkpoints.

In conclusion, in this study, we have shown that E7-induced
pRb degradation plays a key role in the neutralization of
p16INK4a function and have identified an HPV16 E7 domain
essential for this activity.
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